To establish a method of determining the machinability of dental materials for CAD/CAM systems, the machinability of titanium, two titanium alloys , and free-cutting brass was evaluated through cutting force and spindle motor current.
INTRODUCTION
or to detect tool wear or breakage5,6). Although measurement of the cutting force is essential in machining research, it has seldom been performed in dentistry.
For one reason, it has not been very long since dental CAD/CAM systems came into practical use.
For another, there are some differences between industrial and dental milling. Dental milling machines, tools, and workpieces are rather small compared to those of industrial milling.
The work material used, such as titanium and its alloys, ceramics, or composites, may not be widely used in industry as a whole. In this second study, which follows our previous work7), the dynamic component of cutting force and the spindle motor current were measured and analyzed as basic research to establish a method to evaluate the machinability of dental materials.
MATERIALS AND METHODS

Specimen preparation
The materials used in this study and their specifications are summarized in Table 1 . Titanium buttons (15g each) were made by melting titanium sponge (>99.8%, grade S-90, Sumitomo Sitix, Amagasaki, Japan) in an argon-arc melting furnace (TAM-4S, Tachibana Riko, Sendai, Japan).
After the chamber Table 1 Materials used in this study the transducer so that the surfaces to be cut on all specimens were even with the top of the vise. Carbide square end mills (TiAlN-coated, 2 flutes, mill diameter 3mm, FX-MG-EDS, OSG, Toyokawa, Japan) were used as the cutting tool. The axial direction of the tool was parallel to the z-axis (vertical axis) of the milling machine.
The tool was fed in the x-axis direction of the machine.
Testing was performed under four cutting conditions (Table 2) for each specimen.
The tool was changed every three specimens. No cutting fluid or coolant was used.
While the specimen was being cut, the outputs of the three strain amplifiers and the preamplifier were acquired for 214 data per channel at a sampling rate of 5kHz (approx. 3.3s) using a computer (AT-690C, Epson Direct, Matsumoto, Japan) equipped with a 16-bit A/D interface (PCI-6034E, National Instruments, Austin, TX, USA).
The magnitude of the cutting force signal was characterized by two variables: static and dynamic components.
The former is the average force of a particular span of time, while the latter is a component that changes with time. In the present study, they were defined as Fstatic and Fdynamic by the following equations:
(1) (2) where s is the time-series force data and N is the number of data. 
where c is the time-series current data and N is the number of data. Spindle motor current Ispindle was determined by subtracting the idling current (Ir measured when the motor was not running) from the current measured during the test. Cutting force The dynamic components of the cutting force, Fdynamic_x, Fdynamic_y, and Fdynamic_z, are shown in Fig. 2 . The subscripts _x, _y, and _z represent the x (feed direction), y (direction perpendicular to x) , and z (vertical downward direction) components of the force transducer (left-handed coordinate system).
The direction of rotation of the cutting tool was from the positive x-axis to the negative y-axis.
For the purposes of comparison, the figure also includes the static components, Fstatic_x, Fstatic_y, and Fstatic_z (expressed as Fx, Fy, and Fz, respectively), as in the previous study7). Although there were some exceptions, the magnitude relation of Fdynamic was, on the whole, brass<titanium<Ti-6Al-7Nb
and Ti-6Al-4V, as in the case of Fstatic in absolute value. It is noteworthy that the value of Fdynamic, as well as its standard deviation, was smaller for brass than for the other metals under all conditions.
Fdynamic_x for Ti-6Al-4V under cutting conditions (1) and (3) was significantly higher than that for titanium (both p<0.05) [ Fig. 2 (a) ]. Fdynamic_x for brass was a significantly lower value than that for titanium under all cutting conditions [(1): p<0.01; (2): p<0.001; (3): p<0.01; and (4): p<0.001].
The value for brass ranged from 45% to 70% of that for titanium.
Fdynamic_y for Ti-6Al-4V was significantly higher than that for titanium under conditions (1), (3), and (4) (p<0.05, p<0.01, and p<0.01, respectively) [ Fig. 2 (b) ]. Fdynamic_y for Ti-6Al-7Nb was significantly higher than that for titanium under cutting conditions (2) and (4) (both p<0.05). Fdynamic_y for brass was significantly lower than that for titanium under conditions (1), (2) , and (4) (p <0.01, p<0.001, and p<0.01, respectively).
Fdynam for Ti-6Al-4V was significantly higher than that for titanium under all conditions [(1): p<0.01; (2): p [ Fig. 2 (c) ]. Fdynamic_z for Ti-6Al-7Nb was significantly higher than that for titanium under cutting condition (4) (p <0.05).
Fdynamic_z for brass was significantly lower than that for titanium under condition (2) (p<0.05).
For each metal, there was an observed trend for Fdynamic to increase as the cutting speed and feed, and the depth of cut increased although the trend was not always statistically significant. Fdynamic was higher for condition (3) compared to condition (1), and for condition (4) compared to condition (2), while Fstatic was almost the same for condition (3) compared to condition (1), and for condition (4) compared to condition (2). Fstatic_x, -Fstatic_y, Fdynami Fdynamic_y, and Fdynamic_z were higher for condition (2) compared to condition (1), and for condition (4) compared to condition (3).
Spindle motor current Spindle motor current Ispindle is shown in Fig. 3 . For each metal, Ispindle increased with the increase of the cutting speed and feed, and the depth of cut. The magnitude relationship among the cutting conditions was (1)<(2)<(3)<(4).
This relationship was statistically significant, except for those between (1) and (2) and between (3) and (4) of Ti-6Al-7Nb.
The differences in current among the tested metals for each cutting condition were not as vast as those among the cutting conditions for each metal. For all conditions, Ispindle for brass was lower than that for the other metals tested.
The values for brass were significantly lower than that for titanium under conditions (3) and (4) (p<0.05 and p<0.01, respectively).
Ispindle for Ti-6Al-4V under condition (3) was also significantly lower than that for titanium (p<0.05).
This was the only case in which a significant difference in Ispindle was observed among EVALUATION OF TITANIUM ALLOYS (PART 2) Relationship between spindle motor current and cutting force The relationship between spindle motor current Ispindle and the static component of cutting force Fstatic is shown in Fig. 4 . Ispindle had a positive correlation with Fstatic_x and -Fstatic_y (both horizontal forces), while there was no linear association with Fstatic_z (vertical force). At a low cutting speed [cutting conditions (1) and (2)], Ispindle had a very strong correlation with Fstatic_y (R2=0.87) and a strong correlation with Fstatic_x (R2=0.69). At a high cutting speed [cutting conditions (3) and (4) 
DISCUSSION
Cutting force Installing force transducers in commercial dental milling machines is difficult because of the limited space in the machines.
However, it is definitely worthwhile to measure the cutting force using a general-purpose milling machine in order to develop a dental material with better machinability or to establish more suitable milling conditions.
A detailed discussion on the static component of the cutting force and its relationship with the properties of the metals tested is found in the previous study7). The dynamic component of cutting force influences dimensional accuracy, surface finish, and tool life in the same way that the static component does because the dynamic component is superpositioned on the static component8,9). Moreover, the dynamic component can cause significant vibration (chatter) and considerably influence surface finish when the dynamic stiffness of the cutting system is low10, The influence of the dynamic component cannot be ignored when its value is high. In fact, the values of the dynamic component were generally higher than the absolute values of the static component in the present study.
Judging from the results of the Fourier analyses, it can be safely said that the measured dynamic component of the cutting force was principally forced vibration that was excited by intermittent cutting, causing discontinuous chips with varying thickness to form as a result10). It is known that the formation of inhomogeneous chips (so-called sawtooth chips), which is of ten the case with titanium or its alloys, also causes changes in the cutting force2,12, Sawtooth chips involve short periodic shear, which causes ripples of force2,14). However, considering the response speed of the measurement system, the component caused by sawtooth chip formation was scarcely recorded in the present study.
For each cutting condition, the magnitude relation of the dynamic component of the cutting force among the metals was similar to that of the static component.
The absolute values of both the static and dynamic components for Ti-6Al-4V and Ti-6Al-7Nb were, on the whole, higher than those for titanium. This finding signified that the machinability of Ti-6Al-4V and Ti-6Al-7Nb was lower than that of titanium, in terms of cutting force. The superior machinability of free-cutting brass was evident from its lowest absolute values of both static and dynamic components (except for Fstatic_z), compared to the other metals tested.
The low standard deviations of the components indicated that the cutting state of free-cutting brass was steady.
However, there were no significant differences in the surface roughness (Ra and Rmax) of the cut surfaces among the metals, and the influence of cutting force on surface rough- For each cutting condition, the current for brass was significantly lower than that for the other metals. However, the measurement of the current did not seem to be sensitive enough in the present study to detect the difference between the titanium and its alloys, even though there was a significant difference in the cutting force16,21). It was probable that the difference in the current was not too high compared to the fluctuations caused by driver circuit, motor, or belt-drive spindle.
The current for Ti-6Al-4V was lower than that for titanium under conditions (3) and (4), while the machinability of Ti-6Al-4V was worse than that of titanium in terms of cutting force. Although it remains to be proved, a possible explanation for this finding is that the high vertical cutting force for Ti6Al-4V, which reacted as the thrust force on the spindle, decreased the friction of the spindle and therefore reduced the spindle motor current at high speed.
